ABSTRACT
required to eliminate possible negative ecotoxicological effects generated during ozonation caused by 31 biodegradable ozonation transformation products (OTPs) and oxidation by-products (OBPs). Three 32 biological treatments (sand filtration, moving bed, fixed bed) and granular activated carbon (GAC, fresh 33 and pre-loaded) filtration were evaluated as post-treatments after ozonation. In parallel, a fresh GAC 34 filter directly connected to the effluent of the secondary clarifier was assessed. Among the three purely 35 biological post-treatments, the sand filtration performed best in terms of removal of dissolved organic 36 carbon (DOC), assimilable organic carbon (AOC) and total suspended solids (TSS). The fresh activated 37 carbon filtration ensured a significant additional micropollutants abatement after ozonation due to 38 sorption. The relative abatement of the indicator substances ranged between 20-89% after 27'000 bed 39 volumes (BV) and was still substantial at 50'000 BV. In an identical GAC filter running in parallel and 40 being fed with the effluent of the secondary clarifier, the elimination was less efficient. Seven primary 41 OTPs (chlorothiazide and six N-oxides) formed during ozonation could be quantified thanks to available 42 reference standards. Their concentration decreased with increasing specific ozone doses with the 43 concomitant formation of other OTPs. The seven OTPs were found to be stable compounds and were 44 not abated in the biological post-treatments. They were sorbed in the fresh GAC filter, but less 
71
The aim is to remove organic micropollutants by 80% on average over the whole WWTP from influent 72 to effluent (Eggen et al. 2014 ). To ensure the efficiency of the upgraded wastewater treatment, the Swiss 73 Federal Office of Environment (FOEN) has established a shortlist of 12 indicator substances (SI , Table   74 S1), which must be abated on average by 80% (FOEN 2017) . The 12 compounds were specifically 75 chosen as non-easily biodegradable substances and are therefore normally not well removed during 76 conventional wastewater treatments. 77 Adsorption by powdered activated carbon (PAC) and ozonation are currently the recommended 78 technologies that lead cost-efficiently to a significant abatement of the micropollutant load and toxicity 79 (Hollender et recoveries) are given in Table S5 . 197 Additionally to the eight OTPs mentioned above, other OTPs, presented in the literature (Table S6) 
Determination of N-nitrosodimethylamine (NDMA) by LC-HRMS/MS

223
The concentrations of NDMA were determined in several samples collected flow proportionally in irbesartan (See Text S4 for details). These and other rate constants from literature are compiled in Table   232 S4.
233
Micropollutant abatement.
235
Fate of micropollutants during ozonation and over the whole wastewater treatment 236 The abatement of 43 wastewater relevant micropollutants (Table 1 , parent compounds and metabolites) 237 in biological treatment with conventional activated sludge (BIO) and during ozonation (OZO) with 4 238 specific ozone doses is presented in Table 1 (concentrations can be found in Table S5 ).
239
During the biological treatment, the abatements were relatively constant for single compounds over the 240 sampling period (n=12), but varied considerably between -131% and >99% among them (SI , Table S8 ). cleaved to lamotrigine, which is relatively stable. Therefore, its concentration significantly increases, 250 typically from about 300 to 800 ng/L (Table S5) . Phenazone was also found to be formed from other 
254
During ozonation, the extent of abatement increased with increasing ozone doses ( Other studies, presented in Table S9 , showed similar abatements for comparable specific ozone doses to 85 ± 3% when the biological treatment was followed by a low specific ozone dose (0.35 g O 3 /g DOC) 291 and even up to >94% when the specific ozone dose was 0.54 g O 3 /g DOC. Note that these 12 substances 292 are not abated in sand filtration, as will be discussed in more detail below. with and without sand filter, >79% (median >89%) (Fig. 1) . Due to the fact that 64 substances (out of 322 147) were not detected anymore after ozonation, only a minimal abatement relative to the LOQ could be 323 calculated in these cases. 4 ± 4 >96 ± 3 >96 ± 3 -8 ± 2 >94 ± 1 >93 ± 1 4 ± 8 >97 ± 1 Clarithromycin † 51 ± 2 93 ± 2 97 ± 1 28 ± 19 >95 ± 1 >96 ± 1 45 ± 6 >94 ± 1 >97 ± 1 52 ± 8 >97 ± 1 DEET 96 ± 1 49 ± 9 98 ± 1 >90 ± 3 65 ± 1 >95 ± 2 97 ± 1 52 ± 18 99 ± 1 97 ± 1 70 ± 15 Diclofenac † 22 ± 8 96 ± 1 97 ± 1 23 ± 8 100 ± 1 100 ± 1 11 ± 10 >99 ± 1 >99 ± 1 13 ± 18 >99 ± 1 Diuron 0 ± 30 64 ± 2 64 ± 10 -7 ± 7 >84 ± 8 >83 ± 10 -5 ± 14 >84 ± 6 >84 ± 4 -40 ± 72 # >90 ± 6 Eprosartan 98 ± 1 >66 ± 3 >99 ± 1 >93 ± 2 n.m.1 >97 ± 1 >97 ± 1 >67 ± 7 >99 ± 1 >88 ± 5 n.m.1 Fexofenadine 13 ± 16 83 ± 3 85 ± 6 9 ± 4 >94 ± 1 >95 ± 1 12 ± 12 >96 ± 3 >97 ± 2 -1 ± 12 >91 ± 1 Gabapentin 44 ± 10 44 ± 4 69 ± 6 43 ± 6 55 ± 4 75 ± 1 37 ± 5 63 ± 10 77 ± 6 44 ± 5 75 ± 6 Hydrochlorothiazide † 9 ± 13 86 ± 2 87 ± 4 13 ± 9 >98 ± 2 >98 ± 2 -2 ± 17 >97 ± 3 >97 ± 2 1 ± 10 >99 ± 1 4 ± 15 84 ± 2 84 ± 5 9 ± 10 >97 ± 2 >97 ± 2 -12 ± 17 >96 ± 3 >96 ± 2 1 ± 5 >96 ± 1 Average of the 12 indicator substances † 17 ± 8 79 ± 1 85 ± 3 20 ± 7 >91 ± 2 >94 ± 2 7 ± 8 >92 ± 3 >93 ± 2 14 ± 9 >96 ± 1 n.m.1: abatement not measurable because the concentrations at the inlet and at the outlet of the reactor were both <LOQ. 330 n.m.2: abatement not measurable because the concentration at the inlet is <LOQ; abatement has a negative value. 331 *: methylbenzotriazole represents the sum of 4-and 5-methylbenzotriazole, which co-elute under the analytical conditions. 332 **: tramadol represents the sum of tramadol and o-desmethyl-venlafaxine, which are isobaric compounds that co-eluted under the analytical conditions. 333 #: abatement was determined for only 2 samples due to high fluctuations of concentrations in one sample. 334 ∆ : abatement was determined for only 1 sample due to high fluctuations of concentrations in two samples. Fig. S6 ). The average abatement did not exceed 5% in these biological post-treatments (Fig. S7) .
387
Even the compounds abated by >50% during the conventional biological treatment (Table S8) , i.e., 
391
The abatements in two identical fresh activated carbon filters, GAC fresh/BIO and GAC fresh/OZO , was 392 investigated for four compounds with very good sorption on activated carbon (Group I, see Table S1 for behavior ( Fig. 2c and d) . Surprisingly, benzotriazole from group II was relatively well abated, as 400 discussed later. In GAC fresh/OZO , the breakthrough of Groups I, II, III (Fig. 2) 11'000-17'000, Fig. S6) . Similarly, the average abatement calculated from the abatement of the same 427 selection of substances was comparable for GAC fresh/BIO and GAC fresh/OZO (54% and 53%, respectively, at 428 the same BV) (Fig. S7) . (Fig. 3 and Fig. S12 , yellow zone) was less efficient than in GAC fresh/BIO (Fig. 2 and Fig. S9 When GAC loaded/OZO was operated with ozonated wastewater (>16'000 BV, to the right of the yellow 457 zone in Fig. 3 ), abatements were not significantly different to the abatements observed during the pre-458 loading phase (yellow zone in Fig. 3) . Only diclofenac showed a significant increase in the relative 459 abatement in the second phase: its relative abatement was <20% at the end of the first phase at 9'000 BV 460 and 62% when measurements restarted at 23'000 BV. Moreover, the micropollutant's relative 461 abatements decreased only slightly in GAC loaded/OZO over the sampling period between 23'000-50'000 462 BV. Similarly to GAC fresh/BIO and GAC fresh/OZO , the relative abatement of poorly sorbing compounds such 463 as acesulfame, candesartan, gabapentin, irbesartan, sucralose, and valsartan acid, was <20% at high BVs 464 ( Fig. 3 and Fig. S12 ). Conversely, abatement was generally still >60% for diclofenac, 465 hydrochlorothiazide, metoprolol, benzotriazole, methylbenzotriazole and atenolol, even at 50'000 BV.
466
When comparing GAC loaded/OZO with GAC fresh/OZO at 28'000 BV, the abatement of all substances was 467 similar, with the exception of benzotriazole. This compound was significantly better abated in 468 GAC loaded/OZO than in GAC fresh/OZO (78% vs. 54%). The results of diclofenac and benzotriazole suggest 469 that, in addition to sorption, a biological degradation may also take place in GAC loaded/OZO , in analogy to treatments studied here, the sand filter performed best in reducing the AOC by 40% (Fig. S14) , similar 498 to AOC reduction (14-46%) in other sand filters (Zimmermann et al. 2011 ). MB and FB reactors only 499 slightly reduced AOC (by 17% and 13%, respectively). In FB, an intense growth of snails (Physidae) 500 was observed, preventing the formation of a biofilm, which explains the low performance of this filter.
501
The GAC filters showed the highest abatement of AOC (72% in GAC fresh/OZO at 15'000 BV and 57% in 502 GAC loaded/OZO at 35'000 BV) due to additional sorption capability.
503
Ozonation alone induced a relative abatement of DOC of about 10% (Fig. S15) , which is relatively high occurred slightly faster than onto GAC fresh/OZO with the ozonated effluent ( Fig. S15-S16 ). The same Similar to DOC, the removal of total suspended solids (TSS) was less efficient in MB or FB (4% or 514 17%, respectively) than in the filter systems, where 75% TSS removal was achieved in SF and 70-80% in the GAC filters (Fig. S17) . A filter cloth installed after the MB could enhance the overall TSS 516 elimination to 50%. TSS was relatively low at around 2 mg/L in the influent and effluent of ozonation. NDMA was abated in all of the investigated post-treatments (Fig. S20) 
590
Some of these OTPs are also known to be human metabolites, biological transformation products or 591 used as active ingredients, and were therefore already detected in the wastewater after the conventional 592 biological treatment (Table S5) The formation of the seven OTPs and their molar yields decreased with increasing specific ozone doses 597 ( Fig. S21 and Table S11 ). For instance, in the case of chlorothiazide, the concentration of its parent In contrast to the three biological post-treatments, GAC fresh/OZO was efficient to remove the selected 625 OTPs due to sorption (Fig. 6 and Fig. S24 ). Up to about 8'000 BV, the abatement was ≥80% for N-626 oxides and even >96% for chlorothiazide. Thereafter, the abatement of the N-oxides started to decrease, 627 but stayed above 80% until 17'000 BV for chlorothiazide. At 23'000 BV, the abatement of N-oxides 628 was <40%, while chlorothiazide abatement was still higher (57%). In GAC loaded/OZO , only chlorothiazide 629 was efficiently abated by 30-40% at 50'000 BV (Fig. S23b) venlafaxine and tramadol, this occurred only after 14'000 BV (Fig. 6) . The relative abatement of 634 chlorothiazide was also smaller than for hydrochlorothiazide, but only at higher BVs. However, the 635 abatement of fexofenadine was similar to fexofenadine N-oxide (the biggest molecule of the three N-636 oxides, mostly uncharged), where the difference in polarity between the parent and the OTP is probably 637 less pronounced.
638
OTPs without available standards also showed mostly no significant changes of normalized peak areas 639 in SF, MB and FB (Fig. S22) . However, significant peak reductions were observed in GAC fresh/OZO (at 640 14'000 BV) and rarely in GAC loaded/OZO (at 37'000 BV), which may be explained by the respective Table S1 -S11).
